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Abstract 
Bacterial antibiotic resistance is on an alarming rise worldwide, thus posing an urgent threat to human 
health. The rise in antibiotic resistance can be attributed to the overuse and misuse of antibiotics in both the 
healthcare and agricultural industries. In order to address this concern, this research aimed to identify 
environmental conditions that may lead to the development of antibiotic resistance in Listeria 
monocytogenes. L. monocytogenes is a foodborne pathogen capable of causing the disease listeriosis and is 
especially dangerous for immunocompromised populations. Although infected individuals are treated with 
antibiotics, an alarmingly high mortality rate of 20 percent still persists; thus, it is important to further 
understand the impact various environmental conditions may have on the development of antibiotic 
resistance.  L. monocytogenes also comes in contact with diverse environmental conditions within the host, 
specifically the gastrointestinal lumen which is equipped with an internal chemical barrier that serves to 
fight off dangerous pathogens such as L. monocytogenes.  This chemical barrier is composed of 
antimicrobial peptides that target invading microbes.  Alongside these antimicrobial peptides are 
fermentation acids such as propionate that are produced by endogenous microbes in the human body.  In 
addition to the body’s natural defense, public health officials incorporate antimicrobial peptides such as 
nisin to consumer food products in order to reduce the risk of contamination.  Thus, this research aims to 
further understand L. monocytogenes susceptibility to various antimicrobials under different environmental 
conditions.  
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Introduction 
 
 Listeria monocytogenes is a food-borne pathogen capable of causing listeriosis.  
L. monocytogenes is typically contracted through consuming contaminated food products 
such as prepackaged meats, soft cheeses, and other dairy products.  Listeriosis infections 
are especially dangerous for immunocompromised, elderly, and pregnant individuals.  An 
estimated 1,600 individuals are infected with L. monocytogenes each year in the United 
States and is accompanied with a high mortality rate of 20-30% (“Listeria (Listeriosis) | 
Listeria | CDC,” 2019).  
 During transmission from contaminated food to the human body, L. 
monocytogenes encounters diverse environmental conditions especially in the 
gastrointestinal lumen, which is characterized by low levels of oxygen and is an 
extremely dynamic and complex environment that carries functions crucial to human 
health.  The complex environment is attributed to the extensive population of microbes 
living within the gastrointestinal lumen, which are referred to as the gut microbiota.  The 
gut microbiota plays a multifaceted and vital role in providing the body with essential 
vitamins and metabolites, aiding in host digestion, and acting as an innate immunity 
barrier against competing pathogenic organisms.   
 The class of antimicrobials in particular, short chain fatty acids (SCFAs), 
exemplify the important interaction between the host and bacteria.  SCFAs are 
fermentation products of the endogenous bacteria and those typically found in the human 
body include acetate, butyrate, and propionate (Scheppach, 1994).  The SCFA of focus, 
propionate, is a fatty acid composed of a three-carbon chain and is not only produced 
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naturally in the body, but in its acidic form it is used as a food preservative.  Because L. 
monocytogenes is capable of surviving at low temperatures such as refrigeration, 
additional antimicrobial peptides are necessary to deter L. monocytogenes growth.  One 
in particular, nisin, a peptide produced by Lactococcus lactis, is typically used to extend 
the shelf life of packaged food products.  
 In addition to facing antimicrobials produced naturally by the body and those 
added in food products, L. monocytogenes can come in contact with antibiotics.  During 
L. monocytogenes infections in humans, the antibiotic ampicillin is often prescribed.  
Ampicillin is a bactericidal beta lactam antibiotic, which binds and inactivates penicillin-
binding proteins, thus interfering with the cross-linkage of peptidoglycan chains 
necessary for bacterial cell wall integrity (Bush & Bradford, 2016).  Although patients 
are treated with antibiotics, the high mortality rate associated with L. monocytogenes 
infections is alarming and could be contributed to the rise of antibiotic resistance.  
 Bacterial antibiotic resistance has become an increasingly urgent problem 
worldwide and is a concern in the healthcare field.  According to the CDC, antibiotic 
resistance is one of the biggest public health challenges and in the United States, at least 
2 million people get an antibiotic resistant infection, and at least 23,000 people die (CDC, 
2018).  This alarming rise in antibiotic resistance can be attributed to the overuse and 
misuse of antibiotics in both the healthcare and agricultural industries.  In order to 
address this rise in antibiotic resistance, it is essential to further understand the 
development of antibiotic resistance and identify environmental conditions that may 
prevent or promote the development.  
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 To better understand how L. monocytogenes responds to these antimicrobials, the 
overarching goal of my thesis research is to identify factors that contribute to L. 
monocytogenes survival and the development of resistance against these antimicrobials.  
This research possesses implications for the understanding of combating foodborne 
pathogens such as L. monocytogenes, and research can thus allow public health personnel 
to reduce the societal burden associated with both antibiotic resistance and L. 
monocytogenes infections.      
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Literature Review 
 
Listeria monocytogenes Pathogenesis 
 L. monocytogenes is a gram positive facultative anaerobe, giving it the ability to 
survive in both the presence and lack of oxygen.  Isolates are found in diverse 
environments such as soil, water, feces of humans and animals, and contaminated food 
products.  L. monocytogenes is most commonly encountered as a foodborne pathogen, for 
it is notorious for surviving environmental stressors such as high salt, fluctuations in pH 
and low temperatures, which can be attributed to its array of stress resistant mechanisms. 
One key factor involved in L. monocytogenes virulence is the transcriptional activator 
PrfA which is activated once L. monocytogenes has entered the host.  This activation 
leads to the expression of virulence surface proteins internalin A and B and listeriolysin 
O (LLO) toxin (Freitag, Port, & Miner, 2009).  L. monocytogenes is a facultative 
intracellular pathogen meaning that it is capable of surviving inside host cells.  Once L. 
monocytogenes is trapped within host immune response cells such as macrophages, L. 
monocytogenes has the ability to escape vacuoles by secreting a pore-forming protein, 
lysteriolysin O.  Cell-to-cell spread is then achieved by expressing acting assembly 
inducing protein (ActA), a modality of bacterial motility using actin polymerization 
(Pizarro‐Cerdá & Cossart, 2006).  Overall, these key virulence mechanisms provide 
insight on the adaptability and persistence involved in host infections (Fig. 6).     
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Antimicrobial Peptides 
 Antimicrobial peptides (AMPs) are natural protein compounds produced by 
bacteria.  The human gastrointestinal lumen houses endogenous bacteria collectively 
known as the gut microbiota which produce antimicrobial peptides responsible for 
defending the host from competing pathogenic organisms.  Not only do antimicrobial 
peptides play an essential role in maintaining homeostasis, but they are also utilized in 
industry as a food preservative to enhance shelf life, freshness, and deter bacterial growth 
in food.  Antimicrobial peptides are favored in food products because they are natural 
substances that do not interfere with the quality of food and are not harmful (Wang, 
Zeng, Yang, & Qiao, 2016).  Antimicrobial peptides target the lipopolysaccharide layer 
of bacterial cell membranes and can influence the activity of antibiotics in targeting 
pathogens.  The antimicrobial peptide of focus in this research, nisin, is a fermentation 
product of food-grade bacterium and is classified as a lantibiotic, for it contains the 
amino acid lanthionine (Hansen, 1994).   
 
Antibiotic Resistance in L. monocytogenes  
 Antibiotics are natural, synthetic, or semisynthetic compounds used to treat and 
prevent bacterial growth.  Antibiotics can be classified as bacteriostatic in which they 
inhibit growth or bactericidal in which they target bacterial cell death (Périchon & 
Courvalin, 2009).  Due to the overuse and misuse of antibiotics, bacterial antibiotic 
resistance is on an alarming rise and is an urgent threat to public health.  L. 
monocytogenes is susceptible to antibiotics used in the healthcare setting to treat 
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infections such as tetracyclines, erythromycin, ampicillin, and gentamycin; however, 
there is a noted rise in antibiotic resistance over the years for this pathogen.    
Separate from the selective pressures from the environment for the development 
of resistance, genome analysis has revealed that L. monocytogenes is intrinsically 
resistant to cephalosporins, which contributes to L. monocytogenes tolerance to a variety 
of stress conditions and virulence (Krawczyk‐Balska & Markiewicz, 2016).  Beyond the 
intrinsic resistance, selective pressures have resulted in resistance to other antibiotics.  
The first choice of antibiotic typically prescribed to patients is ampicillin, a compound 
under the ß-lactam class in which the antibiotics binds to penicillin-binding proteins 
(PBPs) resulting in inactivation with the goal of inhibiting transpeptidation in the 
bacterial cell wall.  Currently there is little research directed to understanding the 
development of ampicillin resistance in L. monocytogenes.  It is thought that from 
repeated exposure to low levels of the antibiotics lead to selective pressure that favors 
resistant genes encoded on mobile elements that are thus able to be passed among L. 
monocytogenes populations (Bertsch et al., 2014).  In addition, the efficacy of antibiotics 
is complicated by the fact that L. monocytogenes is an intracellular pathogen and thus it 
can be difficult to assess the success of the antibiotics penetrating into the cells.   
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Main Research Question & Hypothesis 
  
To better understand how L. monocytogenes responds to various antimicrobials, 
the overarching goal of this research is to identify factors that contribute to L. 
monocytogenes survival and development of resistance against these antimicrobials.  
Previous research has elucidated that pre-exposure to sub-lethal levels of antibiotics may 
contribute to the development of antibiotic resistance and thus it is hypothesized that pre-
exposing L. monocytogenes to sub-lethal levels of ampicillin may lead to the presence of 
more resistant colonies when exposed to higher levels of ampicillin.   
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Materials & Methods 
 
Bacterial strains and culture conditions  
Cultures of the wild type L. monocytogenes strain 10403s and isogenic mutants 
associated with the electron transport chain were grown from colonies on a streaked 
brain-heart infusion (BHI) plate at 37 °C.  Isogenic mutants involved in the electron 
transport chain used in this research include:  ∆menA, ∆menB, ∆cydAB, ∆qoxA, ∆cydAB 
+ ∆qoxA, ∆atpH and are explained in the table below.  Cultures were grown in filter 
sterilized BHI media overnight (15-18 hours).  Aerobic cultures were grown at 37 °C 
with constant rotary aeration at 250 RPM to ensure optimal oxygen diffusion.  Anaerobic 
cultures were grown in an anaerobic chamber with a nitrogenous atmosphere containing 
2.5% hydrogen (Coy Laboratory, Type A).  Optical density (OD) was measured in a 96-
well plate at 600 nm containing 200 µl of culture per well using a 96-well plate reader 
(Biotek Synergy 4).   
 
Survival Assay  
Wild type L. monocytogenes strain 10403s was grown overnight in BHI media 
under aerobic and anaerobic conditions as described previously with or without 25 mM 
propionate.  Optical density of each culture was taken in order to normalize bacterial 
growth.  Following this, 1 ml of each overnight culture was centrifuged for 3 minutes at 
10,000 rpm (Eppendorf).  This was repeated twice with resuspension in sterile phosphate 
buffered saline (PBS).  The resuspended and normalized cultures were then diluted using 
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PBS to ensure a range of countable colony forming units (CFUs).  Time zero (T0) growth 
was plated onto lysogeny broth (LB) plates.  Nisin (Alfa Aesar, J66370) at concentrations 
0.1 mg/ml and 0.25 mg/ml was added to the cultures and incubated for 30 minutes at 37 
°C.  Bacterial survival after nisin exposure (T30) was determined by plating 50 µl using 
sterile glass beads onto LB plates.  The plates were placed in a 37°C incubator for 48 
hours and CFUs were counted (Acolyte3).  Following incubation, the average CFUs 
between the triplicates was determined and L. monocytogenes survival was determined by 
dividing T30 by T0 CFU values.  
 
Antibiotic Resistance Assay: Mutants  
In order to determine if the electron transport chain is involved in the efficacy of 
antibiotics, wild type strain 10403s and six electron transport chain mutants of L. 
monocytogenes were grown aerobically and anaerobically.  The mutants included: 
 ∆menA, ∆menB, ∆cydAB, ∆qoxA, ∆cydAB + ∆qoxA, ∆atpH, which are lacking specific 
proteins involved in the electron transport chain.  Each strain was inoculated into four 
different concentrations of ampicillin at 0, 0.03, 0.3, and 3 µg/ml.  200 µl was aliquoted 
into 96-well plates, and included three aliquots per strain per concentration to create 
triplicates for each intendent experiment.  To prevent evaporation, an additional 96-well 
plate was placed on top to act as a lid, placed in a plastic container with a moist paper 
towel, and placed in the aerobic and anaerobic incubators. After a 24-hour incubation 
period, 120 µl from each well was transferred into an empty 96-well plate to disrupt 
settled bacteria on the bottom of the wells.  The optical density for each well was 
recorded at 600 nm.  This experiment was repeated over a total of five independent trials.  
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Strain name Genes deleted  Coding protein 
∆menA menA Involved in 
menaquinone 
synthesis 
∆menB menB Involved in 
menaquinone 
synthesis  
∆cydAB cydAB Cytochrome 
oxidase  
∆qoxA qoxA Cytochrome aa3  
oxidase  
∆cydAB + ∆qoxA cydAB, qoxA Double cytochrome 
oxidase protein 
mutant  
∆atpH atpH ATP synthase 
      
 
Antibiotic Resistance Assay  
Ampicillin salt (Amresco, 0039-25G) was suspended in sterile water to a 
concentration of 1 mg/ml and filter sterilized.  Wild type L. monocytogenes strain 10403s 
was inoculated into 3 ml of BHI media and exposed to four different pre-exposure 
conditions.  These included: 0.03 µg/ml ampicillin, 12 mM propionate, 0.03 µg/ml 
ampicillin and 12 mM propionate, and no additives serving as a control.  The cultures 
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were grown aerobically as described previously.  Optical density of each culture was 
taken in order to normalize bacterial growth.  Following this, 1 ml of each overnight 
culture was centrifuged for 3 minutes at 10,000 rpm (Eppendorf).  This was repeated 
twice with resuspension in sterile phosphate buffered saline (PBS).  The resuspended and 
normalized cultures were then diluted using PBS to ensure a range of countable colony 
forming units (CFUs), and 50 µl of each was plated using sterile glass beads on lysogeny 
broth (LB) agar plates containing no added ampicillin, 0.3 µg/ml ampicillin, and 3 µg/ml 
ampicillin.  Plates were placed in a 37°C incubator for 48 hours and CFUs were counted 
(Acolyte3).  The assay was performed in triplicates for each independent experiment.  
Additional information is provided in figure 7.    
 
Real-Time Imaging Assay  
The real-time imaging assay performed in this study is modeled from a previously 
established protocol (Levin-Reisman, Fridman, & Balaban, 2014).  Two flatbed scanners 
with hardware resolution of 4800 x 9600 dpi (Epson V200, Epson V600) were placed in a 
37°C incubator and were configured and wired to a computer with ‘Scanning Manager’ 
software installed and programmed to scan images every three hours.  Once the software 
system was configured, wild type L. monocytogenes was grown aerobically overnight in 
3 mL of BHI media supplemented with 0.03 µg/ml of ampicillin.  OD600 of each culture 
was taken in order to normalize bacterial growth.  Following this, 1 ml of each overnight 
culture was centrifuged for 3 minutes at 10,000 rpm (Eppendorf).  This was repeated 
twice with resuspension in sterile phosphate buffered saline (PBS).  The resuspended and 
normalized cultures were then diluted using PBS to ensure a target of 200 CFU/ml.  50 µl 
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of each culture was plated using sterile glass beads on lysogeny broth (LB) agar plates 
containing no added ampicillin, 0.03 µg/ml ampicillin, and 0.3 µg/ml ampicillin. In order 
to absorb moisture and create contrast, 5 mm thick sterilized black felt was cut to fit into 
the lid of each petri dish.  The petri dishes were placed on white cardboard placeholders 
on the scanners and images were scanned every three hours over a period of 48 hours.  
Additional information is provided in figure 8. 
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Results  
    
To understand how the presence or absence of oxygen and the presence of the 
short chain fatty acid impacts the antimicrobial efficacy of nisin, aerobically and 
anaerobically grown overnight cultures of L. monocytogenes with and without propionate 
supplementation were washed and resuspended in PBS with different concentrations of 
nisin for 30 minutes and L. monocytogenes survival was assessed.  For aerobically as well 
as anaerobically grown bacteria, survival decreased with increasing nisin concentrations.  
For anaerobically grown bacteria, the presence of propionate decreased the antimicrobial 
activity of nisin, for there was a higher average percent survival compared to L. 
monocytogenes grown in the absence of propionate (Fig. 1).  For anaerobically grown 
bacteria, in contrast, the presence of propionate increased the antimicrobial activity of 
nisin, for there was a lower average percent survival compared to L. monocytogenes 
grown in the absence of propionate. 
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Figure 1: Average percent survival of L. monocytogenes after 30 minutes of nisin 
exposure after growing aerobically or anaerobically with or without propionate 
supplementation in BHI.  
 
 To investigate whether the electron transport chain is involved in L. 
monocytogenes susceptibility to antibiotics grown aerobically and anaerobically, the 
following electron transport chain mutants, ∆menA, ∆menB, ∆cydAB, ∆qoxA, ∆cydAB + 
∆qoxA, ∆atpH, were subjected to 0, 0.03, 0.3, and 3 µg/ml ampicillin and growth was 
assessed as measures of optical density.  When comparing how the differences between 
aerobic and anaerobic growth for the mutants of the electron transport chain, it was found 
that anaerobic growth enhanced survival in lethal levels of ampicillin (3 µg/ml) in liquid 
culture medium in 96-well plates for all mutants.  Additionally, perturbations in the 
electron transport chain alter the sensitivity to ampicillin exposure (Fig. 2).    
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Figure 2: Growth of L. monocytogenes electron transport chain mutants on 3  µg/ml 
ampicillin plates relative to no ampicillin in aerobic and anaerobic conditions.  
 
 Because L. monocytogenes is exposed to both antibiotics and short chain fatty 
acids, L. monocytogenes was grown aerobically in the presence or absence of sublethal 
levels of ampicillin and propionate.  Once the cultures were normalized, they were plated 
onto LB plates without or with 3 µg/ml ampicillin.  The number of resistant L. 
monocytogenes colonies on the higher ampicillin plates (3 µg/ml) relative to the no 
ampicillin plates for all pre-exposure overnight conditions led to a decrease in resistant 
colonies in comparison to the no treatment control exposure.  Notably, there was a 
significant decrease in ampicillin resistant colonies in the sublethal 0.03 µg/ml pre-
exposure condition compared to the no additive control.  When exposed to propionate 
and sub-lethal levels of ampicillin, there was no significant difference in the percentage 
of ampicillin resistant colonies compared to the no treatment control exposure (Fig. 3).   
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Figure 3: Measure of ampicillin resistant colony forming units present on 3 µg/ml 
ampicillin plates as a percentage relative to no ampicillin exposure across four different 
overnight exposure conditions.  Statistically significant differences are represented by 
asterisks (*, P < 0.05; **, P < 0.01). P values were determined using a two tailed paired t 
test.    
In order to gain a more comprehensive understanding of the development of 
antibiotic resistance, a real time imaging system was optimized in order to track bacterial 
growth over time using traditional flatbed scanners to scan images of the developing 
bacterial colonies.  The image results from the real time imaging assay provides 
information such as the time until colony detection and the growth rate of each individual 
resistant colony over a period of 48 hours (Fig. 4).  There was a delayed onset of growth 
present when plated on 0.3 µg/ml ampicillin plates, for colonies were not detected until 
24 hours whereas when plated on the lower concentration of ampicillin, colonies began 
appearing as early as 18 hours (Fig. 4, 5).  
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Figure 4: Array of automatic scanner images of wild type L. monocytogenes grown on 
increasing concentrations of ampicillin over a period of 48 hours.   
 
  
 
Figure 5: Automatic scanner images of wild type L. monocytogenes grown on increasing 
concentrations of ampicillin at distinct time points.  
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Discussion 
  
Influence of propionate and oxygen on the antimicrobial efficacy of nisin 
 L. monocytogenes infections impose a costly burden on society both in terms of 
healthcare costs and decreased productivity of companies.  According to the U.S. Food 
and Drug Administration, there is an estimated total annual cost of $2.6 billion in the 
United States (Medicine, n.d.).  Thus, the usage of preventative measures such as 
antimicrobial peptides like nisin in food products that typically are prone to L. 
monocytogenes contamination is essential.  Previous research has identified the 
antimicrobial efficacy of nisin; however, there is a gap in the understanding how 
additional environmental conditions may impact the efficacy of nisin and ultimately how 
these impact the survival of L. monocytogenes.  Henceforth, this research investigated the 
impact additional factors such as the presence of the short chain fatty acid propionate and 
the presence or lack of oxygen may have on the antimicrobial activity of nisin.  
 The results gathered from the survival assay (Fig. 1), illustrate that increasing the 
concentration of nisin does decrease L. monocytogenes percent survival as expected thus 
reaffirming the dose dependent effect of nisin to prevent L. monocytogenes contamination 
in food.  Furthermore, this research addressed the role additional factors such as short 
chain fatty acid propionate and the oxygen level has on the antimicrobial efficacy of 
nisin, for in aerobic conditions, propionate decreased the antimicrobial activity of nisin 
(Fig. 1).  Additionally, there was a decrease in L. monocytogenes survival under 
anaerobic conditions supplemented with propionate, alluding to the idea that these 
conditions may enhance the antimicrobial efficacy of nisin (Fig. 1).  This finding 
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supports the usage of nisin as a deterrent against L. monocytogenes for it even affirms the 
antimicrobial activity in physiologically relevant conditions of low oxygen and presence 
of short chain fatty acids.   
 
Environmental conditions that contribute to the development of antibiotic resistance 
in L. monocytogenes  
 As emphasized previously, the rise in bacterial antibiotic resistance is a threat to 
public health worldwide and thus this research aimed to understand the development of 
resistance by identifying conditions that may reduce the presence of antibiotic resistant 
bacteria.  Not only does the presence or absence of oxygen impact the survival of L. 
monocytogenes in the face of antimicrobials such as nisin, but it is important to evaluate 
the effect this may have on the susceptibility to antibiotics.  One hypothesis is that the 
presence or absence of oxygen may impact the generation of reactive oxygen, thus 
altering the efficacy of antibiotics.  In order to asses this, we investigated an array of L. 
monocytogenes respiration mutants missing compounds involved in electron transport in 
the electron transport chain.   
 Reactive oxygen species (ROS) are byproducts of aerobic metabolism and it has 
been shown that production of these compounds can amplify the expression of L. 
monocytogenes virulence genes (Li et al., 2017).  When comparing the electron transport 
chain mutants used in this research, it was found that all mutants except ∆cydAB had a 
decreased susceptibility to ampicillin under anaerobic conditions compared to aerobic 
conditions (Fig. 2).  Additionally, the absence of cydAB, which encodes the bd type 
cytochrome oxidase, or atpH, which encodes a subunit of ATP synthase, resulted in the 
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loss of resistance to 3 µg/ml ampicillin (Fig. 2).  Moreover, although it can be seen that 
there is a decrease in antibiotic susceptibility in anaerobic conditions using the 96-well 
plate optical density assay, different assays such as a disc diffusion assay indicates that L. 
monocytogenes is more susceptible under anaerobic conditions (data not shown).  
Furthermore, the discrepancy in the trends between the methods indicate that growth 
conditions and assay type impact the assessment of L. monocytogenes susceptibility to 
antibiotics.   
Recent evidence has suggested one possible explanation behind the development 
of antibiotic resistance which is the idea that bacteria are frequently exposed to sub-lethal 
levels of antibiotics in the environment.  Constant exposure to sub-lethal levels of 
antibiotics may select for resistant mutants or induce stress response genes to equip 
bacteria with the necessary virulence factors to persist in higher levels of antibiotics in 
the future (López & Blázquez, 2009).  Thus, this research aimed to address the influence 
that sub-lethal levels of ampicillin may have on the development of antibiotic resistance 
in L. monocytogenes.  Additionally, to make the experiments more physiologically 
relevant, this research also aimed to address the impact propionate may have on the level 
of resistance.     
In contrast to what literature has reported, the results indicate that pre-exposure to 
sub-lethal levels of ampicillin actually reduced the number of ampicillin resistant L. 
monocytogenes colonies compared to the no exposure condition.  Additionally, when pre-
exposed to propionate and sub-lethal levels of ampicillin, there was a restoration of this 
loss of resistance and was comparable to the higher resistance seen in the no exposure 
condition (Fig. 3).  A potential explanation for this surprising result is that a portion of 
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the bacterial cells were viable but not culturable (VBNC), which refers to bacteria that 
are in a low metabolic state and are unable to survive on growth media.  Studies have 
shown that this state can be induced by environmental stresses which could be a potential 
mechanism for bacteria to persist while remaining indictable (Highmore, Warner, 
Rothwell, Wilks, & Keevil, 2018).  Furthermore, the chosen sub-lethal ampicillin 
concentration may have been too low to stimulate a response and thus further 
experiments should be done by pre-exposing L. monocytogenes to an array of sub-lethal 
ampicillin concentrations.    
 Although evaluating the development of ampicillin resistance in L. 
monocytogenes using typical growth evaluation techniques such as plating and recording 
optical density, we wanted to gain a more comprehensive understanding of the 
development of resistance by optimizing a real-time imaging system to track bacterial 
growth over time.  The real-time imaging system utilized in this research was modeled 
after a previously established protocol.  These images can then be analyzed using a 
developed software called ScanLag in MATLAB coding software to gather information 
such as the growth rate  and lag time of resistant colonies.   
From the scanner image results it can be noted that there was a delayed onset of 
growth for L. monocytogenes grown on the higher concentration of ampicillin (Fig. 5).  
Although we will not know the reasoning behind this observation until further analysis, 
one possible explanation is that the lag time is longer for bacteria exposed to the higher 
concentration of ampicillin.  The lag time is the period of time in which a bacteria will 
spend in the lag phase, a period in which the cells are metabolically active but not yet 
dividing.  Previous studies have hypothesized that lag time may be indicative of antibiotic 
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resistance in bacteria.  The reasoning behind this is because antibiotics typically target 
actively growing cells and therefore bacteria in an extended lag time can evade the 
antibiotics (Lewis, 2010).  The real time imaging system is still an ongoing project in the 
lab and with additional time and effort the gathered results can be further analyzed in 
order to gain insight on the development of antibiotic resistance in terms of growth 
dynamics.   
Overall, this research shows that the development of antibiotic resistance in L. 
monocytogenes is influenced by environmental conditions such as the presence or 
absence of oxygen, exposure to fatty acids, and exposure to sub-lethal levels of 
antibiotics.  Gaining insight on the susceptibility of L. monocytogenes in the face of 
various antimicrobial peptides and possesses implications for understanding and 
combating foodborne pathogens such as L. monocytogenes, and further research can thus 
allow public health personnel to reduce the societal burdens of L. monocytogenes 
infections.  
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Appendix 
 
Figure 6: Schematic diagram illustrating the intracellular life-cycle of L. monocytogenes 
and the virulence factors involved in pathogenesis (Freitag et al., 2009).   
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Figure 7: Antibiotic resistance assay.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8:  Real-time imaging experimental design.  
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Assessing the effect of propionate and oxygen on the antimicrobial activity of nisin 
 
Listeria monocytogenes is one of many common foodborne pathogens that causes 
infections that are extremely dangerous to individuals, especially to those with 
compromised immune systems.  From a societal standpoint, treatment can cost hundreds 
to thousands of dollars per patient thus causing a significant strain on public health.  The 
human body, specifically the gastrointestinal lumen, is equipped with an internal 
chemical barrier that serves to fight off dangerous pathogens such as Listeria.  This 
chemical barrier is composed of antimicrobial peptides that target invading microbes.  
Alongside these antimicrobial peptides are fermentation acids such as propionate that are 
produced by endogenous microbes in the human body.  Foodborne pathogens are 
contracted through contaminated food products and in order to reduce this, public health 
officials incorporate antimicrobial peptides such as nisin to consumer food products.  
Research geared towards combating foodborne pathogens typically focuses on aerobic 
conditions; however, Listeria is exposed to anaerobic conditions due to the anoxic 
environment in the human gastrointestinal tract.  The purpose of this study is to 
understand Listeria’s susceptibility to the fermentation acid propionate and antimicrobial 
peptide nisin in both aerobic and anaerobic conditions.  By treating Listeria to 
incremental concentrations of both nisin and propionate and exposing the bacteria to both 
aerobic and anaerobic conditions, Listeria survival can be determined.  This research 
possesses implications for the understanding of combating foodborne pathogens such as 
Listeria, and research can thus allow public health personnel to reduce the societal 
burdens of Listeria infection.  
 
P a g e  | 30 
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Bacterial antibiotic resistance is on an alarming rise worldwide, thus posing an 
urgent threat to human health.  The rise in antibiotic resistance can be attributed to the 
overuse and misuse of antibiotics in both the healthcare and agricultural industries.  One 
critical aspect in understanding antibiotic resistance is to investigate the effects of various 
environmental conditions on the growth dynamics of bacterial populations that may lead 
to the development of antibiotic resistance.  To address this concern, this research is 
aimed to develop and optimize an automatic image capturing system to investigate 
environmental factors that may influence the development of antibiotic resistance, 
specifically in Listeria monocytogenes.  Listeria monocytogenes is a gram-positive 
foodborne pathogen capable of causing listeriosis in infected individuals especially the 
immunocompromised.  Treatment of Listeria infections include exposure to B-lactam 
antibiotics such as ampicillin in order to inhibit cell wall biosynthesis and thus resistance 
is a concern in the healthcare field.  Currently, there is little research geared towards 
assessing the development of resistance in Listeria monocytogenes using automatic 
imaging systems; therefore, this imaging system will allow researchers to determine 
factors such as appearance time and growth rate of antibiotic resistant colonies under 
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varying antibiotic conditions.  Through image analysis techniques, specifically ScanLag 
software, this technique possesses implications for understanding the evolution of 
bacterial antibiotic resistance specifically in Listeria monocytogenes. 
 
 
 
 
